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January, 1953

ROYAL 4LTRCRAFT ESTABLISHMENT, FARNBOROUGH

Investigation into the Performance of a "Reid"
Forced Lir Blast Remjet Combustion Chamber on
a8 Low Pressure Combustion Rig

by
J.S. Drabble

SUMMARY

This report contains an account of an investigation carried out
with a 6" diameter "Reid" air blost romjet burner at low inlet pressures
. on a ooupled pipe test rig.

The resulis presented cover an operating ronge of from 16" Hg.abs.
K} to 50" Hg.abs. ot the burner inlet end show the effect of air blast
injection pressure, combustion chamber inlet pressure snd temperature,
teilpipe length ond teilpipe exit restriction on the combustion stebility
range ond air specific impulse developed by the burner.

A full desoription of the test rig and a summery of the initial
calibration of the rig and thrust measuring apparatus are included.
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1 Inh'nmotion e

1.1 Sinae the initiol development work on mmaet cofbustion: chamhars
ot R:A.B.%:2 wos.oarried out on sea lsvel combustion rigs exhousting
_to atmospherm pressure and with the inlet air pressures in the region’
of 2% - 3% atmos. abs., end since, os is well knowm, burner performance
deteriorates, os regsrds both stebility Yenge and oombustion effioiency
as the inlet pressure is deoressed, the need arose for on investigation
of burner performence under simulated altitude oconditions.

1.2 7To sotisfy this requiremen'b o ooupled pipe rig equipped for thrust
measurement wes construoted, in which the romjet exhaust gpses were dis-
charged into a ococoled set‘lﬂing ohomber whioch wos maintoined at a low
pressure by exhsustor pumps.

1,3 1Initislly the oir supplied to the romjet wos drown through 2 oon-
trol voelve from the atmosphere, thus limiting the test range to burner
inlet pressures of 1 atmos. sbs, or less. The rig wes, however, sub~
sequently modified by the installation of oentr:.fugal compressors in the
supply line to ensble supply pressures up.to 2} stmos, abs. to be obtsined,
thus bridging the gep between the operating ranges of the existing ses
level gombustion rigs and the originel simulated altitude rig with atmos-
pheric inlet.

.2 The A:Lm and Scope of the Inves tigation

The experimental work reported herein wes carried out to determine
the performence st low inlet pressures of s 6" diameter "Reid" foroed
air blsst burner, 8 combustion system which had previously been: developed
and oalibrated on a sea level coupled pipe combustion rig.2

In particular an investigaotion ves made of the effect on combustion
stebllity renge and alr specific impulse of voriation in the following
parsmeterss~

i)  Air blast injection pressure
ii) Burmer Inlet Prossure

1ii) Burner Inlet Tempersture

iv) Teilpipe length

v) Tailpipe exit srea

All these tests were carried out with 2 Merk V Flight type burner
(see Ref.2), sincs it wos desired meinly to 1nvest1ga'be the effect of low
pressures on an existing design, rather than to improve ths alt:.tude )
performence by modification of the 'bumer geometry.

The tailpipe exit area vas reduced with a res‘br:.otor hav:x.ng a
single radius profils and e parallel outlet.

3 Desoription of Test Rig.

3.1 A sobamatic ]ayout of 'l:he r:.g as ;Lt is 8% preaen‘b is shown in
Flgclt - Py e f:

3.2 Aa.r en’sers the r:.g, ei‘t;her from the oenh'ifugal conpressors or
from atmosphere, and is controlled in pressure Ly means of & blow=off
valve end e barrel throttle velve. It then pesses through two eleotrio
heaters in series, a fleme %rsp end s conioal oolandsr “fnto. the. ups'kream
seotim of ‘bb.e 'hmnel

sy e mm
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3.3 Thenoe it flows rodially into the nozzle box, through a nozzle %o 7
the burner and tailpipe. The ‘Gailpipe gases exhaust into a water’ ‘
Jocketed exhsust tunnel 2 inohes in dlsmeter whers they are sprey
cooled, and then vie an exhoust mein in which is instelled o tubular
ooolar, to the exhsuster puaps. - .

3.4 The nozzle box, nozzle, burner and tailpipe assembly is mounted
on rollers whiah ocentralise the sliding Jjoints, thus ensbling the lesks
between adaaoent sections to be kept to a minimum,

3.5 TPFixed to the upstresm end of the nozzle box is a push rod whioch
operates the thrust measuring apperstus.3 The pressure on the end
faoces of the sliding joints is equelised by pressure balanoce pipes,
thus eliminating error in thrust meosurement due to change in exhsust
tunnel pressurs.

3.6  All connsctions to the flosting seotion sre mode via 36 inch
lengths of flexible pipe hanging vertically in a tower above the burner.
4s the horizontel movement of the burner is not more then 0.020 inch
the horizontol foroe compenent in the flexible pipes coused by this
movament has been negleated.

.3.7 The total temperature snd totel and static pressures at the burner
inlet sre measured by & suction pyrometer end o stendord B.S.S. pitot-
static point installed respag‘a‘::.;ygly upstream ond downstream of the nozzle.

3.8 A large door on each side of -the exhoust tunnel gives ncoess to
the burner and teilpipe ond four 1F inches diometer quortz windows in
gach door, together with o 6 ins. diometer perspex window on the %top
of the tunnel opposite the end of the toilpipe, 2llow visual examination,

3.2 An R.AE, high energy ignition system wes used to ignite the ramjet
in preference to a2 stendard aircraft booster ocoil, as it was found thet
the higher energy release of the former fao:.lltated ignition st low
pressures., . i

3.10 The fuel system as installed provides two independent fuel. Supplles
Yo the bumer. Fuel flow is measured in the pr:.mary system by means of
rotemeters hsving a renge of 0 - 600 lbs/hr. and in the secondery system
by rotemeters with e ronge of 20 -~ 1800 lbs/hr. - Each system is supplied
by a separsate fuel pump, coarse control being effected by s bypass oircuit
and fine oonirol by 2 needls valve. Volumetric flasks are installed for
roteme ter calibration, : S

3,11 A compressed air supply for the foroed air blest atomisation is
controlled by 2 third needle oontrol valve.

3.12 Connections for mesasuring the pressure of the fual and air blast
are made as close to the burner as posaible. o s

L U P A
3,13 Monometer tubes are used %o indicate the ollow:t.ng pressxme‘s‘:e ,
chamber inlet static and ohember inlet totsl, ss messured by “thé pitot
stetic tube for caloulating the oir moss flow; exhoust min statio
pressure box statm and downs‘braam sl:.dmg jo'ln’c s'l:a'l::.o.* "'When ¢

pressure o‘h the restri.otor outlet\ .

4.1 As the air moss flow wos 40 be. colouh'beﬂ. Prot
inlet totol temperature, the 'botal und the a'bd'
oslibrotion wns essential, =

i
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4.2 This oalibration wes made firstly to ensure that ths velooity
distribution over the measuring seotion was unifom esnd unsffected

¢ by the geometry of the burner; secondly, to ensure that the tempera-
ture distribution was uniform, and thirdly, to determine the flow
disoherge coefficlent in the plane of the pltot-statlo pom‘l'..

1 4e3 The method adopted cons:.sted in traversing the chamber 801088
\ two perpendicular dismeters with the burner removed and then repest-
ing the trawverse with the burner in position.

L.l After edjustment of the conical colander because of uneven
distribution the results shown in Figs.2 to 4 were obfained. Figs.2
and 3 show the velocity distribution aoross the chamber inlet for two
different velocities, and inlet pressures of 20 ins. Hg.obs. and

29 ins, Hg.sbs. respeotively. Fig.l shows the velocity distribution
8t the chember inlet with the burner and o 5 £t. toilpipe in position.

4.5 The results show thet the velocity distribution is the same in
all cases and doas not vary appreciably across the section, and that
the discharge ococelfficient is equal to 0.97.

4.6 PFigs,5 and 6 show the.temperature distribution at the chsmber
inlet for the two heators used separately. The distribution with
either heater in boih the vertical and horizontal planes is satisfac-
tory.

Le7 4 00ld burner pressure loss curve was tsken for the "Reid" sir
blast burner, It agreed, to within 1Y% with thet previously obtsined
on the sea level rig.

4.8 When the thrust gear was installed a comparison was made between

. the exit momentum, calculated from the oir mass flow and velocity, and
the thrust ss indicated by the thrust gear. In 211 ceses the agree-
ment wes within 13%, the mojority of oomparisons being within 3%

5 Genersl Procedure and Experimental Technique

5.1 In the oourse of the investigations many combinations of air

blast pressure, chamber inlet pressure and tempersture, teilpipe length

end exit restrictor size were tested, and for esch combination tried s

stebility ourve was teken. In obtaining this ourve, the rich and weak
combustion extinetion limits were determined snd the main fuel flow

plotted against pilot fuel flow at extinotion, all the other veriables

being fixed for any one curve. ?

5.2 The following experimental prooedurs was adopted in obtaining a
stability curve, After starting the exhsustar pumps the inlet throttle .
voelve wos opened and air coused to flow through the rig by slowly opening R
the main exhsust valve., The air temperature wos raised to approximately ‘
the required velue, ond the woier for the cooling sproys and the teilpipe
turned on. This latier operation automsticelly olosed 2 switch inserted
in the ramjet lgpition circuit as a preceutionary measure.

5.3 The high enerzy ipnition system, which gsuses a regular discharge

secross the surfsce of an insulator {rom 2 centre elsctrode to the inside
. © gurface of the conical-flome stabiliser wes switched on. - The ramjet
pilot fuel flow wes then slowly' :mcreased until ignition Yook place,
vwhen the igmter wes switched of The fuel flow wes suitsbly set so
thet by opening the main axhaust valve suffm:.ently the ramjet exhsust
'beoame choked. .

6.
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5.4 The ohsmber 'inleé} pressure and temperature were then set to the
required velues by meens of the-inlet throttle velve and the heater
wontrols, and held st these velues for the duration of the test.
Finally- the fuel flow was inoreesed using either the pilot or the mein
fuel ocontrol, until combustion extinction ocoourrsd, at whioh point
readings were reoorded of the-totsl temperature, static pressure and.
total pressure minus stetio pressure at the combustion chember inle%
together with readings of the fuel flows., TFrom these values the air
mass flow and, if required, the air fuel retio, were csloulsted. The
waek extinction limit wes then obitained in similar fashion and the
whole proosdure repeeted at various pilot fuel flows. ’ '

5.5 Stability ocurves were obtained by répeating the technique for a
series of oombustion chamber inlet pressures, burner sir blast pressures,
tailpipe lengths end restrictor sizes. ’ ’

5.6 From en inspection of the stability ocurves a value of pilot fusl
flow was chosen, for particular inlet oonditions, which geve a wide
range of main fuel flow between rich and weak extinotions. With com-
bustion initisted, inlet conditions held steady and the exhaust ohoked,
the pilot fuel flow wes set as ochosen end the mein fuel flow set at a
velue approaching that st wesk extinetion. The value of the thrust,
as indicated on the thrust measuring appsratus, was noted, together
with the static pressures at the combustion ohsmber inlet, tailpipe
exit and in the pressure box, and the totel pressure minus statid
pressure at the combustion chamber inlet. From these figures the

Air Specific Impulse, SA, wes calculated and the value plotted agairist
the sir fuel ratio. The procedure wss repeated for several increas-
ing values of the main fuel flow until rich extinction was resched, -
The whole curve wes repeated for a series of combustion chamber inlet
pressures, burmer air blast pressurss, tailpipe lengths and restrictor
‘gizes.

5.7 - Throughout the tests the fusl used wes Standard Avistion Kerosine
to Specification D.ENG.R.D.2:82 with a meximum of 1% oil sdded. Towards
the end of the tests, for ressons briefly discussed in parsgreph 7.k,
the fusl was selected so as to meintain the vepour pressure, measured
at 1209C, within olose limits. ) )

6 Summary of Results

6.1 Combustion tests with "Reid" flight type burner and 8 5 £t teilpipe

6,11 TFigs.7 to 11 show the stsbility curves obtsined using air
inlet pressures of 26, 23, 20, 18 and 16 ins, Hg.sbs. respeotively and
an inlet temperature of 1.?.000.

6,12 The thrust wes measured along & line of fixed pilot fuel
flow, suitsble, et & partioulsr chember inlet pressure, for all the
sir blast pressures, Figs.12 to 16 show the value of the air specific
impulse, S, plotted ageinst totel air fuel ratio, illustrating the
effeot of air blest pressure; for chamber inlet stetic pressures of
26 to 18 ina. Hg.sbs. and o chember inlet total’ tempersture of 120°C,
the pilot fuel Plows being ss indiocated on the grephs. ‘ .

6.2 Combiastion tosts with "Reid" flight type burner snd & 5 £4.107 ins.

Boilofpe
6,21 Stobility loops plotted as pilot fuel flow sgainst mein fuel

flow, using verious air blest pressures, sre presented in Figs.l7 %o 20,

for chamber inlet stetio pressures of 50, 26, 20 and 16 ins, Hg.ebs.
respectively and e chember inlet total temperature of 120%C.

7.
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‘ ?

6.22 TFigs,2l to 24 show the varistion in sir specifio impulse
slong lines of aonstan% pilot fuel flow &t verious air blest pressures.-

[ 2 and chamber inlet statmc pressures of 50, 26, 20 and 16 ins, Hg.sbs.
R respeat:.vely. : .
{ ’ . 6.23 A chsmber inlet total temperature of 75°C waa used for

further tests, the results of which are shown in Figs.25 o 27 in whioch
are plotted stability loops showing pilot fuel flow at ohember inlet
pressures of 26, 20 end 18 ins., Hg.abs. respeotively for various air
blast pressures, &8s indicated. .

6.2 The values of air speoific impulse versus air fuel ratio
at chamber inlet stetic pressure of 26 end 20 ins. Hg.sbs, and an
inlet total tempersture of 75°C are plotted in Figs.28 snd 29 showing
the effeot of two eir blast pressures.

6,25 The effect that chamber inlet temperature has on stability
is shown in Fig.30 where the stability curves obiained st a chamber
inlet pressure of 26 ins. Hg. abs. and air blast pressure of 50 Ibs/in
sbove ohamber pressure using & 5 £1.10% ins. tailpipe st three inlet
temperatures are plotied. The temperature effect is very merked, both
rich and weak extinction limits, and particularly the former, being
weskened by an increase in temperature.

6.3 - Combustion tests using teilpipes with exit restrictors

6.31 15% exit restrictor

Similar stsbility curves were obtoined as with parallel ta:.lplpes :
and FPig,.31 shows pilet fuel flow versus msin fuel flow at 26 ins, Hgs abs. !
inlet static pressurs for two eir blast pressures vhen using & 5 £+.10% ins.

. tailpipe. .

6.32 Teilpipe lengths quoted whilst using a2 restrictor 1nclude :
the length of the restrictor. .

6.33 The curves of air spac:.f:.c impulse versus air-fuel ratio
for a 5 £+.10% ins. teilpipe et 26 ins. Hg.obs. and air blast pressures
of 40 end 50 l‘bs/n.n2 above chamber pressure are shown in F:Lgs. 32 ond 33
respectively.

6.34 30% exit restriotor

An sttempt wes made, using a 5 £t.10% ins. teilpipe snd 30% restric-
tor, to obtein e stablln.ty loop, but it was not found possible to inoresse
the mein fuel flow above 200 lbs/hr., although attempts were mads at ele-
vated temperatures ot 26 ins. Hg.sbs. inlet static pressure.

6.35 With a toilpipe length of 4 £t.10} ins. o smell staba.llty
loop was obteined ot 120°C and on oir blost pressure of 30 lbs/in? above
chamber pressure. Similarly a curve was obteined with o teilpipe length
of 4L £%4.3 ins. 3 ‘both of which are shown in Fig, 3.

Ty

6. 36 The effect of sir blest pressure on the stability when using
2 4 ft.3 ins. tailpipe is shown in Figs.35 and 36 for cheamber :.nlet
stetio pressures of 26 end 20 ins, Hg.abs. respectively.

- 6,37 The velhes of 'bhe air speulfn.c impulse obtained vhile using
a L £%.3 ins, teilpipe with a 30% exit restrictor are shown plotted .
ageinst” airefuel ratio for two sir blest.pressures snd at chswber inlet
pressures of 26 and 20 ins, Hg.obs. in Figs.37 end 38 respectively.

8,
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“ 6,38 For comperison between the performance of the burner ‘when
using & 5-£4.10% ins; parsllel teilpipe end & 5 £t.10% ins. teilpipe @
with & 15% restrioctor, the Figs.39 and LO show the stebility for both
cases, In both instsnoes the chamber inlet conditions are 26 ins.
Hg.ebs, snd 120°, using an sir blest pressure of 40 lbs/in? sbove the
chember pressire. Fig.39 shows the results plotted ss pilot Ffusl flow .
veraus main fuel flow, while Fig.,0 shows the oversll sir fuel ratio
plotted sgainst the pilot fuel flow,

6.4 Compsrison hetween different burners of the seme design

6 41 In conclusu.on, as a cneck on the veriation in performance to
be expected, under low pressure oondlt:.ons, smong different burners
manufactured to the same design, comparative tests were made on three
flight type burners, which wers numbered 2, 3 and 4, 2ll the tests so
far presented in this report having been carried out on No.lk.

6.4.2 The performsnce of each of these burners under ses level
pressure conditions, both 8s regards combustion stebility and sir
specific impulse, had been determined by previous tests snd wes known
to be substentially identical.

6.4,3 The comperstive tests, the results of which are plotted
in Pigs.4l to L3, took the form of three sefs of stebility loops, :
Fig.4l shows the stebility st chamber mlat conditions of 26 ins. Hg.sbs.
and 120%C, air blast pressure of 0 Tbs/in2 above chamber pressure and
with a parallel tailpipe 5 f't. 10 ins. long.

. 6.4 Although the stability ourves appesr s:l.rnllar in shape ‘bhere
“is quite a wide scatter in the wesk mein extinotions.

645 Slmlarly, stability curves were obtained using a 4 4.3 ins.
tailpipe end s 30% restrictor st chember inlet conditions of 26 ins.
Hg.sbs. and 120%C. Figs.4?2 and 43 show the ourves cbteined 'bg plotting
the results when using sir blast pressures of 50 and 30 lbs/in:
chamber pressure. The shepe of the curves differs widsly from burner
to burner and the experimentsl scatter is great.

6.1..6 A dimensionsl cheok wos mede of the burners but exsminztion
of this 4id not give any indication as to the cause of the soatter.

6.47 Limited time did not allow more than s brief attempt to find
. the cause of the variation in performance. The cone on burnsr No.L wes
moved 0.060 ins. downstreshm relstive to the fuel jets, but this did not

alter the performence 8t 26 ins. ug.abs. ot 811 (see Fig.41).

6,48 Esch burner in turn was ‘mourted on s spray rig with etmos-
pheric inlet air pressure, and in addition to e visusl exsminstion of
the sprsy pattern prodnuced by ‘the main Jets, s note wes mede of the fuel
£low st which each . jet started to sproy consistently when the supply was
4inoressed from zero. The results sre shown in Teble I and it will be
noted that while burners Nos.2 snd 3 have full spray st undsr 200 lbs/hr,
burner No.k is not furmotioning completely until 700, 1‘bs/hr..

6.49 For this reason it wes deoided to make the min fual spray,
on burner No.2, less wniform by blanking one ‘of tho mein Jets. This
wasannéandtheresultiashommﬁ‘igh.l Theshapaofthestabihw,
ourve haw sltered, the rioh mein’extinotions bec or dua’ %o, the
~ ingresséd fuel pressure influencing the air blas
of the sir bBlast jet occours; ; L.
jet. I‘& ‘{8 spparent fxom 'bhls "résult tlmf: ‘l:he-«&egx’ee

l-h‘
'

[RPRPIpIY
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effeot on the shspe of the stebility loop; but, at the same time, it
does not appear probable that the whole of the difference betwsen the
stability loops produced by the three burners oan be atiributed o
this osuse, Unfortunately, lacic of time snd testing facilities
prevented further investigotion of this matter.

7 . Discussion and Conclusions

7.1 In the course of the experimental work and from an examination of
the results several faotors were noted which, although of secondery
importance at high chember inlet pressures, appsar, under low pressure
oonditions, to influence the performance of the 'burnor to & merked
degree.

7.2 In the first plaoe it will be seen (from Fig,8 with an air blast
pressure of 40 lbs/in? for exemple) thot under some-opersting conditions,
with & given pilot fuel flow, the rich extinction curve is re-entrant,
i.e. it is possible to obtein two distinet rich extinotion limits, and
two distinct weak extinction limits for the some pilot fuel flow depend~
ing on the manner in vhich these limits are approached. This phenomenon
may, in general, be sttributed to an asymmetric, poorly stomised, or
pulsating spray issuing from the moin fuel jets 2t low values of main
fuel flow, before these Jjets ore functioning properly; however, this
explanation is not alwmys velid. This effect, which wes not cbserved
on the ses level test rig, becomes importent under altitude conditions
partly becsuse the flameholding proverties of the stobilising ocone ars
already impaired by the deoreased inlet air pressure, and pertly, owing
to the reduced zir density, the unstable fuel flow rangs is moved closer
to the stoichiometric mixture strensth.

7.3 Seoondly, at altitude, the stehility of the burner is more sensi-
tive than at sea level to the depgrse of etomisation and spray pattern
produced by ths fuel Jjets. In evidence, the large variation in extinc-
tion limits caused by change in 2ir blast pressure, and the inconsistenay
between different burners of the some desicn may be quoted. Moreover,
the maximum 2ir specific mpulse developed, at sea level, always. inoreases
very slightly with incresse in air blast pressure, vmereas at altitude

no such simple relationship betireen the tvo quan’cltLes appears to hold.

7.4  Thirdly, it became increasingly evident as the tests proceeded

that some uncontrolled factor wes affecting the results, and after a
prolonged seerch it was proved that the physical properties of the fuel,

in partiocular the vapour pressure at the operating temperature affected
the combustion limits. This.metier, which has only been mentioned briefly
in this report, formms the subject of a separate detailed investigation,

the results of whioh are presented in Ref.k.

7.5 Apart from these observatlons, the effect of reduced inlet pressure
on the burner performengs follows in genersl the lines anticipated, and
the conclusions drawn from the results mey be summerised as follows:-

Conclusions

1. Deorsase in chamber inlet pressure below about 1 stmos. abs. is
accompanied by a progressive decrease in stability range.

2. The maximum air specific impulse also deoreases with inlet pressure,
end the mixture strength at which this moximum impulse is developed
becomes richer, probably because o considerable froction of the %otal
fuel injected remains unburnt.

10,
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z, By selecting the oppropriote operating conditions (pilot fuel
flow, and sir blast pressureg stoble combustion osn be mointoined a%
a chamber inlet pressurs of 16 ins, Hg,obs., At these conditions
the burner develops 2 moximum sir specific impulse of 133 at an eir
fuel rotio of 8:1, using a tailpipe 5 £t.10% ins. in length.

L An ingrease in chomber inlet temperature wenkens hoth the weak
and rich extinotion limits and inoreoses the moximum air specifio
impulse., This behoviour, vhich also osours at ses level condition, -
is presumebly o direct result of the inoressed vsporisation of the fuel
at the higher temperature.

5. 4 chonge in toilpipe length from 5 £4 to 5 £$.10% ins. does not
affect the stability limits opprecisbly, except at points where the
axtraneous effects referred to in porn.7.2 exert an overriding influence
on the performence,

6. 4s expected, the moximum air specific impulse developed inoreases
with inorease in tailpipe length, probobly becouse with the longer pipe
the time svailoble for combustion is greoter.

7. The effect of tailpipe exit restriction on stabilify is somewhot
irreguler, but, in genernl, on increase in restriotion closes the
stsbility loop, ond appears to exoggerote the effect referred to in
para.7. 2.

8. As regerds the effect of toilpipe restriction on meximm air
specific impulse, it sppears that, as the percentage restriction is
increased from zero, the meximm air specific impulse also increases
until it reaches s value of spproximstely 150 with 15% restriction.
When, however, this optimum condition is reached, the stability range
has become so smsll, that further restriction is only possible in
conjunotion with o deorease in teilpipe length snd no further increase
in sir specific impulse can be obtained by these means.

This situstion is analogous to severaol previously enocountered
during ground level tests with different designs of ramjet burmers,
it being found impossible to incresse the maximum pir specific impulse
above a critical velue by any meens vhatever without the intervention
of violent and unstabls combustion,

11,
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Tech. Note No, GW.227

TABLE I

Fuel Flow (lbs/hr. )
Burner No. 2 7 3 b
Jat No. '
1 55 50 150
2 55 - 180 | 50 - 150 | 700
3 55 - 180 50 - 150 150

The Jjets are numbered in a c¢lockwise direction,
sterting from the pilot Jet, locking downstresm.
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FIG.32 & 33
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